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Simulations Q Vibrational Relaxation

in Dense Holecular Fluids.—

by

Brad Lee Holian
Los Alamos National Laboratory

LOS Alamos, NH 87545 USA

Abstract

In the understanding of high-temperature ●nd -pressure chemistry in

●xplosives, firat step is the study of th? transfer of energy from

translational degrees of freedom into interual vibrations of the molecules.

We present new methods usin8 nonequilibrium ❑olecular dynamics (NEHD) for

masuring vibrational relaxation in ● dictoaic fluid, where we ●xpect a

classical treatment of many-body collisions to be relevant because of the

hi8h densities (2 to 3 times compressed compared to the normal fluid) and

high temperatures (2000-4000 K) involved behind detonation waves. NEHI)

techniques are discussed, including their limitations, ●nd qualitative

results presented.
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I. Introduction

The phenomena of ●nergy-sharing among center-of-mass translational de-

grees of freedom and internal (rotational nnd vibrational) degrees of

freedom in dense, hot molecular fluids ●re crucial to

a variety of chemical ●xplosive properties. We shall

highly simplified way, the processes occurrin8 in the

the understanding of

illustrate, in a

passage of a steady

detonation wave in ● condensed (fluid or solid) high ●xplosive. First, ●s

we ●it on some typical ●xplosive (that is, chemically unstable) ❑olecule, a

c~ressive shock wave ●rrives in the form of collisions from neighboring

molecules. Center-of-mass separations shrink, causing the density to rise

sharply, along with the “temperature” in tbe shock propagation direction.

The “teqerature” in the transverse directi{ms is cold ●t first, until

sideways collisions cause translational kinetic ●nergy in the longitudinal

direction to be fed iuto transverse (shearing)motion. Within one or two

mean collision times, ●ll center-of-masa kinetic ●nergies ●quilibrate, so

that in the sense of local ●quilibrium, we ●ay speak

temperature. Soon thereafter, rotational motions of

●quilibrate, leaving only internal vibrations of the

more correctly ●bout

the ●olecules also

molecules relatively

“cold’*. If the molecule iD fairly complex, there will exist

lower-frequencybond-bending modes that are mor~ ●a~ily excited than the

high-frequ-ncy bond-comprea-ionmodes. The closet two frequencies ●re, the

●asier it is for them to “talk” to ●ach other, i.e., to transfer energy;

this resonance phenomenon occurs both classically ●nd quantum-mechanically.

Thum ● tequence of imer~ transfers will occur, climbins ● ladder in the

frequency domin: the lowest frequency ●odes to be ●quilibrated are

translational, followed roughly by rotations, bond-bending, ●nd finally

bond-stretching vibrations.
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The latter vibrational temperature ■ay take a long time to ●quilibrate.

Our ●im ia to understand the time (and also, the mechanisms) it takes for

●nergy from s shock front to be transferred into molecules, in order to

prepare them for the highly-excited vibrational states necessary for

●lectronic rearrangement (chemical reaction) to OCCUL. Once ●lectronic

states ●re si8nificantlj-perturbed through vibrations, chemical ●nergy in

unstable bonds can be released, which drives the deton~tion -- in effect,

providing the piston for the shock wave. Of course, this is undoubtedly a

terribly oversimplified picture of the tiae-scales in high explosive

detonations. (We have said nothing about the ●ffect of in.homogeneities,

for ●x~le.) Nevertheless, the statistical process of ●nergy transfer from

center-of-msrnscollision% at high density up through the frequency ladder

into internal vibrations must be understood before we will have ●ven a

rudimentary understanding of the kineticn of explonive chemical reactions.

Because of the high densities involved in this picture of detonations

in condenned ●xplosives, we are forced to consider❑any-body ●ffects --

Lhere ●re no i-elated binary collisions between molecules. Because of tt:~

hi8h temperatures involved, we suppose that ●ven if binary colliaiona were

●ppropriate, the moat ●fficient ●nergy transfer would occur when the

relative kinetic energy of a calliding pair of molecules im several times

kT; therefore, ●t these temperatures, it in plaueible qufintu effecto on

vibrational relaxation sre small. The mctkod of molecular dynamica (MD),

where the clasaical many-body problem is solved numerically? is the only

tool ●vailable for studying vibration; relaxation in dense, hot ❑olecular

fluidm.

HI)has been uuc-esmfully ●pplied ●nd ●quilibrium problerk. ‘~en though

it im intrinsically ● t!me-dependentmethod, ●s distinct from llonteCsrlo,
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where configurations ●re generated so as to sample frou a canonical

●nsemble. The principal limitation to Ml in ●quilibrium problems has been

the smallness of systems considered, N - 100-1000 molecules. At normal

fluid densities, such a small sample would not possess properties at all

close to bulk values. With the aurfr,ceakin depth given by the range of

interatomic forces, if 100-1000 particles were placed in a box with rigid

walla, the walls would demonstrate he results -- ●verything would be

surface; there would be no bulk to speak of. Periodic boundary conditions,

where the “box” of N particles in volume, V, is surrounded by ●n infinite

periodic ●rray, or checkerboard, of such syateme, removes this surface

problem to such ●n extent that corrections to ●quilibrium properties ●re of

xelative order l/N. In nonequilibrium ❑olecular dynamicu (NMD), where,

for ●xample, a fluid im sheared by ❑oving two parallel walla in opposite

directions, similar wall, or nurface ●ffecto ●re seen. The shear viscosity

ia given by the shear stress ●veraged over time, divided by the steady

shear rate. If, instead of moving walls, homogeneous ●xternal forces are

●pplied to particles throughout the fluid, the resulting shear vi-cosity

(in three dimensions) ia noticeably ●ore independent of system size. Thus,

both ●quilibrium ●nd steady-state time ●verages ●re reliably obtained by Ml

or NEHD. What ia not ●s clear, however, ia whether truly time-dependent

properties, such aa a relaxation time (or ita inverse, the relaxation

rate), can be reliably obtained. In ●quilibrium ●vatema, fluctuations●bout

●quilibrium yield time correlation functions, where the influence of

periodic boundary conditions can ●ffect the results for timem longer than

that for ● sound wave to croaa the ayatam. In nonequilibrium ●yatema, not

only ●re the correlation- between periodic cells of concern, but alao the

●ffect upon rates due to external forces must be taken into ●ccount. One



of the aiu of this paper is to show just how such problems in NEHD can be

carefully resolved in order to obtain believable results for nonequilibrium

rate processes.

In this paper, we will concentrate on ● relatively simple problem. We

will study the rate of energy transfer from translatio~al ●nd rotational

desrees of freedom into bond ?=bration in a hot, dense diatomic molecular

fluid. We have chosen ● potential ●nergy surface (ace Appendix) that is a

reasonable ●pproximation to nitrogen (N2). In addition to temperature and

density, we can vary the bond vibrational frequency to study its effect on

the rate of relaxation. Typically, we ●re concerned with N2 at 2 to 3

times normal fluid density (. 2 g/cm3), temperature of 2000-4000 K, and

pressures of 200-300 kbar, that is, states like those ●chieved behind de-

tonation of hi8h ●xplosives. For the purposes of this study, we will

●ssume ●nd that our idealized diatomic molecular fluid is dense hut

isotropic, that is, if ● shock wave has passed throuah, the shear stress

has been relieved by viscous flow, ●nd that the temperatures in the 3

translational ●nd 2 rotational de8ree8 of freedom have ●quilibrated to a

hiah value, while the vibrational temperature is ●t the low ●mbient value,

i.e., room temperature (300 K). The process whereby the temperature in the

bond-vibrational ●nd the 5 other “external”❑odes, or reservoirs, come to

●quilibrium isoener8eticullywill be referred to ●s “adiabatic”. The moat

important issue to be considered in ●diabatic relaxation is whether it is

correct to suppose that the vibrational temperature T relax?t
vib

●xponentially from ita cold initial temperature To to the final ●q~ilibrium

temperature T with some characteristic relaxation time Tvib:

T
vib(t) = T

- (T - To)exp(-t/tvib) . (1)
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The vibrational relaxation rate Vvib ia then obtainable from the initial

temperature increase

.

-1 ‘vib
(o)

v
vib = %b = T - To - (2)

Equation (1) can only make sense if the vibrational mode equilibrates with

the ●xternal reservoir ●t fixed temperature T, which in the adiabatic case

is both the final temperature and the ●verage, neglecting potential ●nergy

redistribution:

5Tx(t) + Tvib(t] ~ 6T .

One could ●rgue that Eq. (1) is therefore not valid for adiabatic

relaxation, eince the vibrational reservoir does not equilibrate with

itself, ●ven insofar as its contribution to the ●verage temperature T, but

rather with a cent.inuoue

down to T. Equation (2)

sequence of ●xternal mode temperatures from TX(0)

would then have to be replaced by

.

wit)(t)
v“ib[Tx(t)] = T ~t)T- T

x vib(t) ‘
(2a)

which describes a complex multi-temperature relaxation process. An unam-

biguous rate could then be ?btained only at t = O. (See Fig. 1 for ●n

illustration of totally ●diabatic response of the vibrational ●nd ●xternal

reservoirs.)

Since tLe ●diabatic response given only the initial rrntein ●

mtraightfoward manner, oome of the ●mbiguity can be eliminated by



thermostatting the ●xternal reservoir at temperature Tx = T, leaving the

vibrational temperature to rise to T* to T in a partially adiabatic manner.

(See Fig. 2 for an illustration of partial adiabatic response of the

vibrational resemoir to a fixed external reservoir temperature.)

● reservoir can be fixed at constan: temperature Tx = T by several

means: isokinetic thermostatting (either by Gaussian constrained

dynamicsla’b or its

●chieve ● perfectly

Andersen stochastic

lC to●quivalent for small time-steps, velocity scaling,

constant kinetic ●nergy in the external resenoirs),

thexmostatting2 (where velocities are randomly reset

from a ?laxwell-$olt=ann distribution), on Nos&-Hoover feedback

thermostatting3 (where the ●quation of motion of an extra degree of

freedom -- the thermostatting coefficient & -- is included in the

dynamics).

By completely thermostatting the vibrational degree of freedom at the

low temperature T~ and the other degrees of freedom at the high temperature

T, we eliminate the ambiguities of multitemperature rates mentioned above,

●nd the problem is reduced to measuring ~nib(o) in Eq. (2) as a time aver-

●ge of the ●ppropriate quantities, depending on thermostatting❑echanisms,

over long enough times in a k&eady-state

following sections, we will discuss each

present results for our idealized dense,

nonequilibrium system. In the

of the methods outlined above and

hot molecular fluid.

We can ●lready point out some qualitative features of vibrational re-

laxation in these systems: the rate Vvib decreasea exponentially with the

vibrational we of the bond, Vv~b increases faster than linearly with densi-

‘y; ‘Vib increase- with temperature qualitatively like an Arrhenius law,

namely an ●xponential of ■inus the inverse temperature. We emphasize that

our interest is in denser hot fluids where we suppose that quantum ●ffects
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are small (that is, the collisional velocities that transfer energy most

●fficiently correspond to several times kT, or in other words, sample the

wings of the liaxwell-Boltxmam velocity distribution) and that isolated

binary collisions are inappropriate at these high densities to account for

the relaxation phenomenon. Nevertheless, the techniques developed here may

be applicable in other regimes as well. Finally, we

Hoover thermostat possesses superior characteristics

procet3aea,including the capability of extrapolating

show that the Nos6-

for ❑easuring rate

out its ●ffect

altogether, compared to Andersen’s stochastic thermostat or the Gaussian

isokinetic thermostat.

II. tlethoda

In this section we describe the NEMl methods we have developed for

dtudying vibrational relaxation. First, the coumon element to all these

approaches is the abaolute necessity for transforming from the six

cartesian atomic coordinates (~
•b

~,r2) of ●ach diatomic molecule to three

center-of-mass (~) and relative (~) molecular coordinates:

+r=: -;
21’

where the atomic ❑ ao-es (m1,m2) ●re related to the total ■olecular ❑ass by

H =
‘1

+ m2 ●nd to the reduced mass by p = m1m2/?f. ‘l’he kinetic energy of

the ●yntem can

momentum N~o =

freedom:

then be partitioned into 3(N-1) translational (total linear

Z; = O), 2N rotational, and N vibrational degree~ of



i= 1

=K +
trans

K +1(
rot vib ‘

where in the thermostatted steady state the time averages <...> of kinet-
Ss

ic ●nergies are related to the temperaturesby

<K
trans>ss

~ (N- 2]kT ,=—

<K > = NkT ,
rot ss

<K = ~ NkTvib>ss o“

It is ●ssential to partition kinetic ●nergy into these natural molecular

reservoirs in order to thermostat the vibrational temperature at the lower

value To and the ●xternal temperatures (translationaland rotational) at

the higher value T. The ●tomic cartesian reservoirs simply will not

control the temperatures, ●ven for the relatively simple case To = T; the

vibrational temperature for reasonable bond force constants (much larger

than intermolecular) stubbornly refuses co equilibrate, The center-of-mass

●nd relative forces (droppingmolecular index i) ●re then
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The relative velocities and forces can be further decomposed into

components parallel and perpendicular to the bond, where the unit vector

++
along the bond is ? = r/lrl, e.g.,

● ✎

☞

r =(;”;); ,

. . .
+ + +
r = r-r

the Vibrational and’rotational velocities, respectively.

The thermostatted ●quations of motion for each resemoir can be writ-

ten in the form:

(3
)

where the coordinate is q and ❑omentum is p; F is the force, which in our

❑odel is aasumed to arise from atom-atom intermolecular interactionsplus

an atom-atom bond potential (see Appendix for details). The themostatting

coefficient & is related to the relaxation rate vvib ‘=%ib
‘1) by noting

that
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i= X:p

= x:( F-gP)

.

=~q-2K& . (4)

At the thermostatted steady state

<i> = o = <XF+ - 2<K~>
es BE as

= d(o)> - 2Ko<&~s ,
es

wt,erewe have ❑ade the identification that the initial adiabatic (&sO) rate

iB

(g is the number of degrees of freedom, e.g., g = N = number of ❑olecules

for vibration), so that

<i(o)>aa = @>aB

Then,

.
<T(O)> = 2T0 <~>

Ss S8
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\

which, with Eq. (2) gives

2<hib>us
v
vib ‘T —.

T1o

We use this equation for both the Gaussian isokinetic and Nos&-Hoover iso-

thermal methods. The physical interpretation is that for the lower vibra-

tional temperature To < T, the thermostatting coefficient is positive,

<~> > c). Collisions tend to drive the vibrational kinetic energy up, on
88

the average, <F~> > 0,
~,

while the thermostat bleeds vibrational kiuetic

●nergy away, ❑uch like linear viscous damping. Of course, the small sys-

tems we study have large fluctuations, so that at times, ~ behaves like

viscous “unclamping.” Thermostatting is essential, ●ven for preparing the—

initial state for ●diabatic response ❑ethods, but we begin by discussing

adiabatic relaxation ❑ethods, followed by the Inokinetic method of

thermostatting,Andersen stochastic thermostatting, and finally Nos&Hoover

feedback thermostatting.

11A. Adiabatic Relaxation.—

The method for measuring adiabatic relaxation is to select ● state

from a conrntrainednonequilibrium simulation, ●s described in the next

threee ●ub - mections for ●xample, aa ●n initial condition for standard MD

(Newton’s equationo of motion). With the thermostatting constraints ●n-

tirely removed, so that the vibrational temperature can rise to T from To

and the external temperature can drcp to T from Tx, the typical adiabatic

response im

occurs when

in Fig. 3).

shown in Fig. 3. Also uhown is the difference in response that

only the vibrational thermostat is turned off (labeled partial

The partial ●diabatic realisation wao obtained, ●m waa the

.

.
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former, from a Nos&-Hoover NEMD experiment (see Sec. IID) with

thermostating rates vTto = 10 in the ●xternal reservoirs as well as in the

vibrational mode; the external reservoir temperature was set and ❑aintained

●t Tx = 4000 K while the vibrational temperature was set at T = 300 K; at
o

the beginning of the partial adiabatic run, only the vibrational thermo-

otatting rate was set to zero, while in the total adiabatic run, all ther-

❑ostatting was turned off.

Initially, for both realizations, the vibrational temperature is

identical, with detectable differe~cea appearing after 0.1 - 0.2 to. After

approximately one relaxation time, the partial adiabatic response has

clearly risen well beyond the fluctuation level above the total adiabatic

response, the latter having slowed down by virtue of the drop in the ●xter-

nal temperature (initially,Tx = 4000 K, finally T = 3400 K). If the vi-

brational relaxation rate exhibits au Arrehenius behavior appropriate to a

thermal activation mechanism,

-0/T
vvib(Tx) = vvib(-)e x ,

where Tx is the external temperature, then the difference in the two curves

in Fig. 5 can be reconciled if the activation temperature 0 is roughly

18,000 K ●nd the vibrational relaxation in the partial adiabatic case is

simple ●xponen~ial (no dependence on Tvib). Thin estimate is a reasonable

one in view of a body of calculation we have done

turem. Thus we can ●nswer the que~tion, Vvib in a

peraturc7 -- the external temperature (translation

at different tempera-

function of what tem-

and rotation).

The main practical difficulty of ❑eaaurinflthe vibrational relaxation

rate by the partial ●diabatic ❑ethod, which, ●t least, i~ a One-temrerat.urc

process ●s we have just seen, is illustrated in Fig. 4. The two curves
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shown differ only in the initial phase, chosen from a Nos&-Hoover thermo-

statted run: in one case, the vibrational thermostat was turned off at

t =40t o; in the second, t = 39 to. It iB clear that one must average

over an ensemble of starting times in order to sort out the considei-able

●ffects of fluctuation~ on the ❑easured rate of vibrational relaxation.

Even the cunatures of these two traces are different, the latter being

tion. We are thus led to the thermostatted methods of the following sub-

sections for reliable ❑easurements. The motivation for

replace an ensemble average over starting points with a

continuously-restartedsteady-state experiment.

these ❑ethods is to

time average over a

IIB. Isokinetic Thermostattin&

There are two forms of isokinetic thermostatt.ing,where the kinetic

●nergies of ●ach of th~ resemoirs -- translational, rotational, nnd vibr~-

tional -- are kept constant. Historically, the first method to ●ppear was

lCvelocity scaling . In finite central difference form. Newtona’s

●quations of motion are written

with displacement ●valuated halfway between time steps A% = Aq(t t Mt)

●nd the coordinstea given by q(t + At) = q(t) + Aq(t + ~t); the force is

evaluated at time t. In velocity rental.ing,the displacement A@ is scaled

MO ●s to fix the total kinetic ●ner8y for a 8iven reservoir:

where u im the velocity scaling factor. At time t + $ht, the kinetic ●ner-

8y is ●qual to the prenet value Ko, just ●s it wag at time t - @t:
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=a2Z+m d
iit2

Aq.2
=a 2 Z#m — + ~Aq - +..,

At2

= a2(Ko + =Aq- +...)

= I(O ,

whence

=% ●

a = 1 -—
2K0 ““”

zF~-
= l—

‘At2K ‘“”” ‘
o

The Gauoeian feedback ●quations of motionla’b are embodied in Eq. (3).

In finite difference form, with ~(t) = Aq/At and Aq = +(A% + Aq-):

Ciq = Aq + FAt2/m - @@t

+-
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(1 - ; @t)Aq- + FAt2/m
= . . (6)

Since K = K. is the fixed valu~ of the kinetic energy, we may set ~ = O in

Eq. (4) to get the thermostatting coefficient

Clearly, for small time steps, the Gaussian feedback nnd velocity scaling

methods are identical, with the velocity scalinR factor given by a =

l-~GAt+ ... . Since velocity ~coling is a somewhat simpler scheme to

implement, we ●valuate the vibrational relaxation rate by the ●quivalent

fonoof Eq. (5):

v
*-2 -1

vib = At(T/T -1) “o

The adiabatic methods for our small (N=108) ●yatems are quite noisy,

ns we have seen in the last sub~ection, but the isokinetic rate ●s computed

from the ubove equation is ●lmoat ● factor of two higher. The flsw in the

inokinetic thenaomtatting❑ethod it that it ia impossible to separate out

the effects of thermostatting on rate proces-eu. That is, the measured

rate of vibrational relaxation could very well be the aum of two terms:

the underlying, unthermostatted (tdiabatic) rate, plus ● contribution from

the thermoctatting procemo itself. “fhehomogeneous intruoion into the

dynamicw, small thouah it may be, ●lters the ‘velocitydistribution

function. If the ●iteration ●ffcctn the hiah-velocity win~a of the
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dimtributio~ (as it most surely does), then the rate is also affected,

since hlqh-ve~ocity collisions the most ●fficient ❑eans of ●nergy transfer.

The following tfiemostatting schemes have this same limitation, but their

degree Oc intxtiei~ninto

iaokinetic methods.

IIC. Amdersen Stochastic

the u~ual dynamics can be varied, unlike the

Thermostattins

In a landmark paper, Andersen2 showed how velocities in ND could be

altered in a stochastic way, so that time averages along an equilibrium

“trajectory” give the same values ●s the canonical (NVT) ●nsemble, rather

than the usual hD eusemble (NW, N~o = O) values. The stochastic

prescription is to select particles at random at a thermostatting rate VT =

l/TT, such that a fr&ction of particles v# = AN/N per time step At have

their velocities reat?tfrom a Haxwell-Boltzmann velocity distribution with

temperature To; i e., if random n~unber i(i = 1, 2, .... N) uniformly

distributed betwesn O and 1 aatifies ~TT < At, then reset the displacement

by the Bux-Muller transformation (uniform - to Gauesian-distributc$ random

variablea)

cos 2n “

A~ = A(-M-)* .

nin 2n “ ,

where ‘ ●nd “ ●re ● pair of random number~ uniform on the interval [0,1]

and A = At(2kTo/m)J ●nsure- that the lon8-time average of K is #gkTo:
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<A ‘2>
<K> =Z; m

%

At2

mA=._
B <-h ●> ●2 A 2n “ + *i; 2= ,,>

2At2 2

= ~ gkTo ,

since <-fn > = 10

There are three uerious objections to this ❑ethod of thermostatting.

First, if the rate of thermostatting VT far ●xceeds any natural rates, such

●s the collision rate, particleu will Pimply jiggle furiou81y about their

current positions, diffusing very slowly in configuration space, while

●xecuting the ●xpected canonical fluctuations in momentum space. Since all

of phase apace must be accessible at equilibrium, it will take a very lend

time to obtain canonical ensemble ●verages as trajectory time ●verages in

the limit VT + m. Second, if VT iB too 81OW compnred to the collision

rate, ●n inordinate ●mount of time may be sper.twaiting for ❑omentum-space

transients to settle down, especially in the nonequilibrium casr. Even

though Andersen proved that his procedure would give correct canonical

●nsemble results, he did not guarantee that it could be done in less than

infinite time -- an explicit statement of ergodicity problems in the either

limit VT + O or VT + ~. The infinite time required to ●chieve ●ither

equilibrium or ● nonequilibrium steady ttate in a serious practical

limitation. These ●rgodicity difficulties can be overcome by

to be not too far from the colllmion rate, ●voiding both VT =

limits.

choosing VT

OandvT=m



The third, ●nd perhaps most serious objection to the Andersen thermo-

●tatting procedure is illustrated in Fig. 5. In a nonequilihrium experi-

ment, the Anderaeu thermostat fails to maintain the vibrational temperature

●t its preset value To. (Berendsen’sdeterministic scheme5 also has this

shortcoming.) The problem is ❑ot simply one of waiting lang ●nough for a

transient to nettle

on the order of TT)

rate v~ib(T, vT) is

down, since the temperature has fairly quickly (i.e.,

reached a steady state value To’ > To. The relaxation

given then by

<Au
vib>ss

: gk(T - ToO)vvib = ~vib(o) = ~ ,
as

wheze AK = 1#P(A~2 -A~2)/At2
vib

is the change in kinetic energy due to

resetting the displacementsfrom A% to A<. However, if higher-order ef-

fects ❑ake Vvib also dependent upon To- in this

hoped to characterize .he nonequilibrium steady

●fter the fact, then the Anderaen thermostat is

the next subsection, we present a deterministic

overcomes this last objection.

IID. The Nom&-Hoover Thermostat——. —

example, or if one had

state before, rather than

inadequate to the task. In

(feedback)❑ethod which

Following Anderscn’a work, No,63a derived a deterministic

generating isothermal trajectorie”~.He proposed a Hamiltonian

❑ethod of

internal

energy function involving an ●xtra coordinate and conjugate momentum,

whereby time averagee over the remaining coordinate and ❑omenta (those of

the usual N-molecule many-body system) yield canonical-ensembleaverages

and fluctuatatione. In a further simplification,Hoove#b mhowed that only

● ●inglu ●xtra variable, the thermoatatting coeffic~ent { that ●ppears in

the ●quations of motion [Eq. (3)], is ❑ecessary, along with the ●ssumption
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of a canonical distribution function and its stationarity at equilibrium.

The resulting equatj.onof motion for ~ is then shown to be:

~= VT2(K/Ko - I ) . (7)

The thermoatacting rate is VT, analogous to the Andersen stochastic proce-

dure. We have aready derived an ●xpression for the vibrational relaxation

rate, given the steady-state nonequilibrium value of &ib, namely Eq. (5).

It is C~Ed~ fromZq. (7) that at the steady state < ~b>sa = O, aoL

that <K > =K In other words,
vib su

the deterministic thermostat of NOS6
cl”

and Hoover is able to maintain the temperature at its preset value. This

ia illustrated in Fig. 6 for a situation very closely parallel to the ●x-

ample of th~’Andersen thermostat in Fig. 5. Note that when the thermostat-

ting time constmt has been switched from TT = 0.1 to 0.5 at t = O, there

i~ a tranaient response that settles out in a few timep TT.

Again, as in the Anderaen ❑ethod, the limits VT + O or VT + ~ pose

ergodic hazardrnto the computation of the vibration relaxation time by this

homogeneous ❑ethod. Spurious results can be obtained when the

thermalizatiou rate ia too ❑uch hi8her than collision frequencies (VT +

w) . 6 At the other extreme, one ❑ust ●vera8e over ve~ lon8 times, both to

be sure that tranaienta have died out ●nd to compensate for larger

fluctuation in ~: at equilibrium since ~ im Gauesian-distributed,one can

2
nhow that <~2> - <~>2 = z/gT

T“
This is almo true, to ● 8ood

approximation, ●way from equilibrium, where <~> # O. Nevertheless, over a

certain range of thermostatting rates, we ●xpect that the vibrational

relaxation ra~c determined by our method can be represented by ● linear

relation:
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v#tT) bvib(o) + ●vT . (8)

That means that the ●ffect of the thermostat on the intrinsic rate process

can be ●xtrapolated ●way.

III. Results

In the previous section, we have presented some qualitative results

for ●ach of the NEHD methods presented. In this section, we compace

methods ●nd use them to discuss certain physical features of vibrational

relaxation in dense molecular fluids.

In Fig. 7, we show the dependence of the vibrational relaxation rate

on thetmostatting rate for the Andersen stochastic and Nos&Hoover

deterministic thermostutting schemes. Also shown at zero thermostatting

rate are the results for adiabat~c response amd Gaussian isothermal methods

(of course, the latter is really an infinite-rate rather than zero-rate

procedure). Notice that, in agreement with Eq. (8), both Andersen and

Nos&Hoover ●ppear to ●xtrapolate to the same value of vibrational

relaxation rate in the adiabatic (zero thermostatting rate) limit, though

the slopes differ dramatically,with the slope in the Andersen ❑ethod 40

times that of the ●lmost-flat Nos6-Hooever method. The reason for this

dramatic difference in slopes is almost surely due to the difference in

smoothness of the trajectories: the Andersen ❑ethod arbitrarily and

abruptly resets velocities, often ●s not raaxaingmolecules into one another

in a way inherently far less gentle than the gradual ●ffect of feedback in

the Nos&Hoover ❑ethod. It ia nevertheless comforting that the two ❑ethodE

uive the same ●diabatic limit, since ●t least at equilibrium they generate

the azme long-time ●verages, namely, cknonical ●verages. This limiting
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value iB somewhat above the two adiabatic NEtfDresults; however, it is

doubtful that the discrepancy is statistically significant. In order to

convince oneself of the significance, an ensemble of adiabatic ●xperiments,

rather than only two, would need to be performed. The Gaussian isokinetic

result ia, however, significantly higher than the adiabatic experiments by

almost a factor of two, and is also higher than any of the Nos6-Hoover

realizations, as might be supposed from the relr .ive“stiffness” of the two

feedback ❑ethods. That is, the Gaussian method rigidly clamps the kinetic

energy at a fixed value, with no fluctuations allowed, while the

Nos6-EIoovermathod allows the value to fluctuate about the set value for

characteristic times of the order of the thermostating time constant.

Nevertheless, the Gaussian method, being deterministic, is gentler Lhan the

stochastic method ●nd gives a lower measured vibrational relaxation rate

than the Andersen procedure.

These results demonstrate that the Nos6-Hoover method gives

essentially the adiabatic vibrational relaxation rate without need for

●xtrapolation to zero thermostatting rate, while it is absolutely essential

to perform such an extrapolation with the Andersen procedure. The Gausaian

method, on the other hand, ●ffords no clue as to the underlying adiabatic

rate ●xcept to overestimate it. As long as the Nos6-Hoover thermostatting

rate is neither large compared to tbe vibrational frequency, nor too small

compared to the collision frequency, it in the ❑ethod of choice ●mong the

thermoatattingprocedures presented here. The total adiabatic response

method gives a rate that decays with temperature, ●o that its main utility

in to show that the one-temperature partial ●diabatic method Uivem the

correct initial rate. Unfortunately, the severe dependence on initial

conditions for these #mall systems (N = 108 caolecules),makea it necessary
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to perform an impractically large ●nsemble of partial adiabatic experimerlts

in order to glean the true adiabatic vibrational relaxation rate by this

NEHD method. It is comforting to note (at these densities at least) that

the results for N = 32 are not noticeably different.

In the remainder of this paper, we will discuss the qualitative

features obtained from ~everal adiabatic response experiments, As

indicated above, the absolute values of relaxation rates may be suspect,

but the trends we will point out are nevertheless valid. First of all, our

calculations indicate that the rate of vibrational relaxation drops

exponentially as the frequency UIeof the bond vibration increases. For

example, at the state point ●xamined in the previous ●xamples (p =

2.3 8/Cm3, T = 4000 K, T = 300 K), the rate for UJ = 322 THz was - 0.05
0 ●

t-’, while at w = 444 THz (appropriateto N2) the rate is an order of
o e

magnitude smaller. This exponential dependence of ●nergy transfer upon

frequency is typical of resonance phenomena. Second, the temperature

dependence of vibrational relaxation ia approximately Arrhenius. This is

not to say that the rate is sufficiently accurate to rule out a

Landau-Teller’ [exp-(0/T)l’3] or some other prediction of temperature

dependence. Third, the density dependence of the Arrhenius activation

temperature is well-approximatedby a quadratic function of Inverse

density. The density dependence is far from linear, that is, isolated

binary collisions provide an inadequate description of vibrational

relaxation in dense ❑olecular fluids. In future publications, ❑ore details

of numerical results will be presented.

IV. Conclusions

Vibrational relaxation in dense molecular fluids can be best studied

by homogeneously-thermostattednonequilibrium ❑olecular dynamicu, using the

deterministic Non&-Hoover equations of motion. For themoatatting rates
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lower than the collision rate, the intrusion of the thermostat on vibrarand

relaxation rates is linear. Andersen’s stochastic method of

thermostatting, like the Nos6-Hoover ❑ethod, allows cne to ●xtrapolate away

the effects of thermostatting upon nonequilibrium rate processes, though

the stochastic intrusion is much more drrmatic but Andersen’s me&hod does

not ❑aintain the temperature at a predetermined value, Gaussian isokinetic

thermostatting is not useful for determining vibrational relaxation rates,

sinw there is no straightforward way to separate out the effects of

thermostatting. For small systems that are practical for molecular

dynamics studies, total adiabatic relaxation is complicated by the fact

tk.atthe rate is temperature-, and therefore time-dependent. When all but

the vibrational temperature is thenaostatted (partial adiabatic

relaxation), the rate is time-independent,but difficult to ❑easure because

of the inherent noisiness (fluctuations)and strong dependence on initial

conditions in these small systems. Qualitative features of vibrational

relaxation in dense molecular fluids, to be described in more detail in

future work, have nevertheless been pin-pointed, namely, the exponential

dependence of rate on vibrational frequency, the nonlinearity of the

density dependence, and the approximate Arrhenius behavior, suggesting a

thermally activated mechanism.



Appendix: Potentials

The potential energy of the system of N ❑olecules is assumed to be

represented by

where

‘ia,jb
= [; -;

ia jbi

are atom-atom distances, @ab is the unbended atom-atom intermolecular

potentitilof the ●xponential-six form

= 13.16 (these parameters fit

for N2, ●xcept that E is scaled by

with c/k = 27.28 K, r. = 3.842 x, and a

8
configuration lLteraction calculations

0.8 no ●s to fit ●xperimental shock-wave data; the ●quilibrium bond length

io r = 1.098 x), and $ is the intramolecular (bond) potential of the Morse
●

fom

O(r) = De{l-exp[&(l ->)112 ,
●

with De/k = 114,950 K and & = 2.952 (these parameters fit spectroscopic

datag for N2). By v,rying D and fixing r
●

e ●nd <, we are ●ble to alter the

effective frequencv of the bond from the N2 value we = 444 THz by the

relation (p = 7.00335 ●mu in the N2 reduced mass).

24we = (2De&2/pre).

● ✌ ‘
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Fipure Captirms

Figure 1. Total adiabatic response of the vibrational temperature Tvib

●s a function of time t. The external degrees of freedom begin

the equilibrationhaving been thermostatted at a high temperature

T , while the vibrational degree of freedom has been
XY

thermostatted ●t a low temperature To. Att= O, thermostat

is stopped ●nd all degreee of freedom relax toward the final

temperature T, where 6T~ 5TX + To. The initial relaxation t:

ing

me

T~ib ia shown.

Figure 2. Partial adiabatic response shown as exponential vibrations

relaxation process, Tvib (t). (See Equation 1 in text).

external degrees of freedom continue to be thermostatted

vibrational thermostat turned off at t ❑ O (compare with

1).

The

with the

Figure

Figure 3. Adinbatic relaxation from the thermostatted initial state:

partial, i.e., translation and rotation thermostatted (-); total

i.e., no thermorntatting(---). Fluctuations have been t/t.

reduced by coarae-graining into bins of 20At (At = 0.0025 to).

Fi~ure 4, Difference in partial diabatic relaxation due tc initial

conditions: initial phaee chomen from Nos~-Hoover run at

t’u (-); initial phase ●t t = 39 to (---). Fluctuations

by coarae graining (see Figure 5).

t = 40

reduced

Figure 5, Inability of the Andereen thermostat to fix the vibrational

temperature To 300 K (Ttran~ = Trot = 4000 K) in ●

-1
nonequilihrium simulation (Tt = Ut = 0.5 to).
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